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1 Introduction 

Total Knee Arthroplasty (TKA) is widely used 
worldwide and just in the United States of America, 
more than 600,000 joint surgeries per year have been 
performed [1]. The proper alignment of the prosthesis is 
critical to patient satisfaction and is also decisive for the 
longevity of a TKA [2,3].  

To decide the sagittal prosthetic alignment, 
different methods have been tried, where it is important 
to highlight the conventional techniques and the 

navigation systems. In the conventional techniques, 
sagittal prosthetic alignment is based on limited 
anatomic features that are palpable during surgery and 
determined intraoperatively with intramedullary or 
extramedullary rods. In the navigation systems, sagittal 
prosthetic alignment is based on the mechanical axis of 
the entire femur and tibia [3]. Although there are several 
efforts being done, the optimal prosthetic alignment for 
a TKA in the sagittal plane is still unknown [3–5].  

Hoffmann et al. [6] suggested that an angle cut 
identic to the anatomical angle of the posterior slope is 
able to reduce the anterior subsidence and the failure of 
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the tibial components, compared with the tibial cut 
perpendicular to the long axis of the tibia. Though the 
perpendicular position of the long axis of the tibia is 
considered by several authors [7,8]. 

Bai et al. [9] verified that an anterior slope cut 
may lead to larger posterior detachment and higher 
tensile strains in the anterior tibia, whereas the 
increased posterior slope angle leads to the reduction 
of the tibial anterior compressive strain. Due to this, the 
authors concluded that the tibia cut at 0° or 3° posterior 
slope provides the greatest tibial component stability. 

This study was proposed by Professor Dr. João 
Gamelas, an orthopaedic surgeon, specialized in the 
knee joint. The clinical practice of the TKA predicts that 
an alignment in the sagittal plane not exceeding the 3° 
degrees does not influence straightforwardly the clinical 
performance. Given other values for the tibial slope 
there is a higher probability of compromise in the 
fixation of the cement between the bone and the 
implant, hence influencing the longevity of the TKA. 

The purpose of the present study is to evaluate in 
which way the slope in the sagittal plane influences the 
fixation of the cement between the bone and implant, 
through shear stresses distribution analysis of the bone-
cement and implant-cement interfaces and to 
investigate from which slope the clinical performance is 
affected. To accomplish this goal, a FE model is 
developed, in order to predict the effects of the sagittal 
slope and mechanical changes in the bone-implant 
interface after TKA. In this way, this study may help 
improve the procedure for TKA surgery, leading to 
higher reliability of the prosthesis and lower post-
surgery complications. 

 

2 Computational Modelling 

Two models were created: a 3D representation of 
the tibia and the respective tibial components; and a 
simplified model for further comparison of results with 
the former. Both models were subjected to a FEA, 
varying the slopes in the sagittal plane from an anterior 
slope of 6° to a posterior slope of 4°, with increments of 
1°. For each model a suitable FE mesh is generated, 
the material properties, the contact formulation as well 
as the loads and the boundary conditions are defined. 
All these tasks are described below. 

 

2.1 Geometric Modelling 

The three-dimensional solid model of the tibia 
was obtained using a CT-scan dataset and a method of 
image segmentation. This model, corresponding to a 
left tibia, was provided by Ângela Chan [10]. 

To analyse the effects of the slope of the tibial 
component in the sagittal plane, the mechanical axis of 
the tibia was virtually mapped as well as the centreline 

in the tibia’s surface, in order to make the cuts with the 
respective slopes. Eleven models were created in 
SolidWorks®, in which bone (cortical and trabecular) 
was accurately cut from 6° anterior slope (AS) to 4° 
posterior slope (PS) angle, as can be seen in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Schematic of the tibial model - Lateral section, 
right sagittal view: Intact tibia shows the cut angle (6° 
anterior slope to 4° posterior slope). 

 

The geometric modelling of the tibial components 
of TKA prosthesis were modelled using SolidWorks® 
software (version SP3.0, 2013), based on the 
commercially available design and with the support of 
the P.F.C.® Sigma Knee System: Technical Monograph 
[11].  Considering the dimension of the tibia model, the 
adequate geometric modelling of the TKA prosthesis 
was necessary to provide the best adjustment between 
the tibia model and the tibial components’ model. For 
this configuration, the most appropriate size of TKA 
prosthesis is size 5 [11,12]. The modelled tibial 
components in this work were the tibial tray, the tibial 
insert and the pin, being the modulation of the others 
components pointless.  

The last step was to incorporate the assembled 
tibial components of TKA prosthesis into the tibia with 
the accurate component alignment concern. To ensure 
an optimal mechanical fixation of the tibial component 
to the proximal bone cut, bone cement was used under 
the tibial tray. For this modulation, the bone cement 
layer was fixed to the surface of the tibial component 
with about 2 mm mantle [13]. In Figure 2 the combined 
3D model was represented. 

Besides, the distal end of the tibia was cut off in 
order to, later in this study, apply the boundary 
conditions in FEA. 

Since the tibial insert and the pin are embedded 
in the tibial component, the variation of the tibial 
component slope in sagittal plane changes the positions 
of both these components as well as the hole. 
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Due to the high complexity of the geometric 
modelling of the prosthesis, it was necessary to make 
some simplifications, particularly to the tibial tray and 
the cement.  

 

Figure 2: Model of the tibial components of TKA prosthesis 
was virtually implanted into model of the tibia with a cut at 0º 
slope and perpendicular (90º) to the mechanical axis of the 
tibia. 

 

2.1  Finite Element Modelling 

The eleven models used were imported from 
SolidWorks® to ABAQUS® for posterior analysis of 
shear stresses between cement interfaces and are 
described above. 

 

2.1.1  Material Properties 

Bone tissue is a viscoelastic and heterogeneous 
material with anisotropic  properties [14-16]. However, 
this combination of properties is difficult to reproduce in 
bone numerical models.  So, the bone material 
properties, in this study, were assumed to be isotropic, 
homogeneous and linearly elastic, as can be seen in 
similar studies [17,18]. Table 1 shows the mechanical 
proprieties employed in the analysis of both anatomical 
structures and prosthesis component [10,11,17]. 

 
Table 1: Material Properties. 

Anatomical structures 
Young's 
Modulus 

(GPa) 

Poisson’s 
coefficient 

Cortical Bone 17 0.3 

Trabecular Bone 0.4 0.3 

Prosthesis 
Component 

Material 
Young's 
Modulus 

(GPa) 

Young's Modulus 
(GPa) 

Tibial Tray 
Titanium 

alloy 
110 0.34 

Tibial Insert 
and Pin 

UHMWPE 0.5 0.4 

Cement     PMMA 2.5 0.38 

 

2.1.2 Interactions, Loading and 

Boundary conditions 

 

The tibial tray, tibial insert and pin components 
were merged into one part, thus eliminating the 
necessity to define interaction conditions between these 
components. However, the surface interaction between 
the cortical and trabecular bones was considered rigidly 
bonded (tied), since the distinction between the cortical 
and trabecular bone is modelled for the sake of stiffness 
difference. 

For bone-implant and bone-cement interactions, 
in order to prevent any overclosure and to assure 
perfect fit, the slave surface adjustment was selected 
with a specified tolerance of 0.01mm for the surface 
adjustment zone. 

For the bone-implant interface, a coefficient of 
friction of 0.3 was used [18]. The contact between bone 
and cement was considered bonded [19,20]. For the 
remaining contact, two different approaches of 
modelling the implant-cement interface were 
considered. One case is an interaction in which the 
implant is bonded to the cement [21,22] and another 
case with a contact formulation with a coefficient of 
friction of 0.25 [12,23].  

The tibia’ distal region was fixed, constraining the 
rotation and translation in all directions and, the applied 
load case was based on the study developed for G. 
Bergmann et al. [23,24] for level walking. The data used 
in this study corresponds to the K1L subject with body 
weight of 1000 N [25].  The values of the force and 
moment presented in Table 2 were taken on the peak of 
maximum load. A simple load case with only an axial 
force was also applied. Since the measurements made 
by Bergmann et al. [24] are relative to a right-side knee, 
with the centre of the coordinate system fixed in the 
middle of the tibial tray at the height of the lowest part of 
the tibial insert, it was necessary to convert the 
coordinate system to the left-side knee. 
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Table 2: Forces and moments applied in the FE models [26]. 

Level Force (N) Moment (N.mm) 

 F1 F2 F3 M1 M2 M3 

- 0 -3,000 0 0 0 0 

Walking 136 -3,000 149 13,260 11,570 33,870 

 

 These loads were applied in a reference point 
that is located in the middle of the tibial plateau at the 
height of the lowest part of the tibial insert, as in the 
study by G. Bergmann et al.[23]. In order to simulate a 
real case of the knee loading, the application of the load 
was not only in a single point, but on an area, which 
corresponds to the condylar surface of the tibial insert. 
This way, a coupling constrain was used and the loads 
were uniformly distributed on two surfaces of the tibial 
insert. For all models, the reference point (RP) is the 
same, i.e. the same coordinate system. 

 

2.1.1  Finite Element Mesh 

Using the FE program, ABAQUS®, the mesh 
was generated from the solid model of the TKA 
prosthesis. In order to improve the mesh quality, 
ABAQUS®’ virtual topology tool was needed in order to 
remove the initial superficial mesh automatically 
generated in SolidWorks®.  

Taking into consideration that the type of 
elements used affect the results [24], and knowing that 
the hexahedral FE meshes produce more accurate 
results than the tetrahedral FE meshes [25,26], the first 
approach was to create the hexahedral FE meshes. 
However, it requires significantly higher computational 
resources and involves a more complicated process 
due to the high complexity of the structures (bone, 
implant) previously modelled. Therefore it was decided 
to generate FE meshes with linear 4-noded tetrahedron 
elements for all structures except the cement structure. 
This structure is the only part that was generated with 
linear 8-noded hexahedron elements. Table 3 presents 
the size and the number of elements and nodes 
generated for the model with a 0° slope. The mesh 
generation for the other models have a slight variation, 
due to the geometry alterations of the slope of the cuts 
[12].  

 

2.1 Geometric and FE modelling of a simplified 

model (simplistic model) 

Throughout the geometric analysis, different 
models were performed taken in consideration several 
parameters, such as different load cases and possible 

combinations of the interaction contact. Furthermore, 
we decide to construct a simplified model later 
comparison with the tibia and the tibial components of 
the TKA prosthesis (realistic model).  

Two different models were created, which differ 
only in the presence or absence of the stem of the tibial 
tray, using SolidWorks®. These models consisted of a 
bone structure, tibial tray and the cement structures, as 
can be seen in Figure 3.  

Figure 3: Geometric model simplifier: a) without stem; 
b) with stem. 

 

The choice of the modulation of a simplified 
geometry model was essentially to understand if there 
was any problem or error in the approach made before, 
since at a first sight, the variation of the shear stresses 
by changing the slope in the sagittal plane was not 
coherent. The purpose of this simplified model is to 
understand how the slope variations in the sagittal 
plane influence the interface shear stresses. Thereby, 
for each  geometric model simplified, eleven models 
were created, in which the bone was accurately cut 
from 6º anterior to 4º posterior angles, similarly to what 
was done in the tibia and TKA prosthesis geometry.  

In order to analyse the effect of the slope of the 
tibial component in the sagittal plane, the models 
previously mentioned were also imported to ABAQUS®,  
and then suffered a sequential set of steps involved in 
FEA.  

The material properties used for both the tibial 
tray and the cement structures are the same used in the 
realistic model, except for the bone that was defined 
with E=1MPa and ν =0.3. This value of young's 
modulus was chosen between the cortical and 
trabecular bone, being closer to the properties of the 
trabecular bone because there is a greater interaction 
between the prosthesis with it. 
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For comparison purposes, the contact interfaces 

as well as the boundary conditions used for these 
analyses were similar to those used previously. The 
load applied was half of the value of the load used in 
the other analysis.  

After implementing all steps required for these 
simulations, it was necessary to generate the mesh. For 
these simple cases, the hexahedral FE meshes were 
chosen due to the fact that these produce more 
accurate results [26,27], in opposition to the tetrahedral 
FE meshes chosen in the realistic model. Because this 
is a simpler geometry, the mesh generation was easy 
and there were not significant problems worth to 
mention. Thereby, the FE mesh generation for the 
simplistic model with absence of the stem with a 0° 
slope was performed with linear 8-noded hexahedron 
elements, resulting in 10,368 elements and 11,875 
nodes for the bone, 6,400 elements and 8,405 nodes 
for the tibial component and 3,200 elements and 5,043 
nodes for the cement. Finally, for the assembly model it 
obtained 19,968 elements and 25,323 nodes. For the 
simplistic model with presence of the stem with 0° slope 
was also performed with linear 8-noded hexahedron 
elements, resulting in 9,396 elements and 10,975 
nodes for the bone, 8,400 elements and 10,825 nodes 
for the tibial component and 3,000 elements and 4,800 
nodes for the cement. Finally, for the assembly model it 
obtained 20,796 elements and 26,600 nodes. The 
mesh generation for the other models have a slight 
variation, due to the geometry alterations of the slope of 
the cuts [12]. 

 

3 Results and Discussion 

The present computational study aims to provide 
a solid basis for comparison with the empirical 
knowledge acquired from surgical and clinical practice. 
The tibial slope should not exceed the 3° slope in order 
not to affect the post-surgery, since the choice of the  

 
 

 
 

other values for the tibial slope may affect the 
fixation of the implant, thus influencing the longevity of 
the TKA. 

The results of the simplistic model as well as the 
results of the realistic model for each loading condition 
and contact interaction are presented. Finally, a 
comparison of the different models used for the analysis 
will be performed. 

As stated before, throughout this study two load 
cases are applied, an axial force and the realistic load. 
Besides this, two different approaches to configure the 
implant-cement interface are taken in consideration: an 
interaction in which the implant is tied (bonded) to the 
cement and an interaction in which there is only 
frictional contact (unbounded). Furthermore, it is 
important to remember that in all combinations, the 
bone-cement interface is modulated with tie contact. 

For each tibial slope, mean shear stresses were 
calculated for the bone-cement and the implant-cement 
interface, since the mean shear stress values provide a 
general view of what happens between the cement 
interfaces. 

 
 

3.1.1 The simplified model  

For the simplified model with absence of the stem 
(Figure 4), the simplified model, it is noticeable that the 
R

2 
values for both bone-cement and implant-cement 

interfaces show a nearly perfect fit of the parabolic line 
to the data of the mean shear stress values. Overall, for 
the bone-cement interface, the variation of both mean 
and maximum values of the shear stress is 35.8% and 
27.5%, respectively. Regarding the implant-cement 
interface, the variation of both mean and maximum 
values of the shear stress is 26% and 7%, respectively. 

For the simplified model with presence of the 
stem, the shear stress varying the slope in the sagittal 
plane was represented for all combinations of the load 
cases and contact interactions in the Figure 5. It is not 
perceptible the parabolic trend along the range of the 

Model 
Global 

Element size 
(mm) 

Number of elements 
generated 

Number of nodes 
generated 

Tibia (trabecular and 
cortical bone) 

         2.5                 173,371                  37,628 

Implant (tibial tray and 
insert components and 

pin assembly) 

 
         1.82    78,606   15,474 

cement          1.5     3,196    5,181 

Total Assembly           - 255,173  58,283 

Table 3: Number and nodes of the FE meshes. 
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a) 

b) 

tibial slopes, due to the fact that a scale adjustment was 
performed in order to show all combinations.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 4: Shear Stress varying the slope in the sagittal 
plane for the analysis with absence of the stem: a) 
Bone-Cement Interface; b) Implant-Cement interface. 

 
It is noteworthy the fact that the concavity has a 

positive sign and, for the most cases, the minimum 
value corresponds to the 0° slope. This result was 
expected, since it shows a relationship between the 
shear stress and the tibial slope, being that an 
increasing slope (in both anterior and posterior 
directions) induces an increase in the shear stress.  

Furthermore, when comparing the tie contact 
between both interfaces with the axial load for both 
geometric models, with and without stem, we can see 
that the simplified model with presence of the stem 
(Figure 5) has a parabolic trend (R

2
=0.8085 for bone-

cement interface and R
2
=0.6521 for implant-cement 

interface) but not as significantly as the one shown by 
the simplified model. This can be explained by the 
modulation of the geometry model, specifically the stem 
in this case, which can influence the load distribution by 
creating an increased load concentration between the 
bone-cement-implant interfaces. 

Regarding only the simplified model with 
presence of the stem, the results also follow a parabolic 
trend. It is evident that the trend present in the data is 
not only the same for all combinations of the studied 
parameters, but globally the fit of the line is quite 
reliable (R

2
 values between 0.3322 and 0.948). 

The magnitude of the shear stress for the tie 
contact combinations is an order of magnitude higher 
when comparing the implant-cement interface to the 
bone-cement interface. Nevertheless, for the frictional 

contact combinations both implant-cement and bone-
cement interfaces are in the same order of magnitude. 

 

Figure 5: Shear Stress varying the slope in the sagittal 
plane for the different combinations tested with 
presence of the stem: a) Bone-Cement Interface; b) 
Implant-Cement interface. 
 

Even though there is a parabolic tendency as 
expected, there is no abrupt change in the shear stress 
values that would allow us to infer that from that point 
forward, the tibial component would detach. Thus, when 
comparing these results with the empirical knowledge 
acquired by surgeons and orthopaedists during their 
clinical practice, we can observe that there is some 
consistency with what is observed in the post-surgery, 
although we cannot predict the value from which the 
tibial component would detach. For the simplified model 
with absence of the stem (Figure 4), the simplified 
model, it is noticeable that the R

2 
values for both bone-

cement and implant-cement interfaces show a nearly 
perfect fit of the line to the data of the mean shear 
stress values. Besides this, it is noteworthy the fact that 
the concavity has a positive sign and, for the most 
cases, the minimum value corresponds to the 0° slope. 
This result was expected, since it shows a relationship 
between the shear stress and the tibial component 
slope, being that an increasing slope (in both anterior 

a) 

b) 
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and posterior directions) induces an increase in the 
shear stress. 

3.1.2 The realistic model 

 

 

 
 

 
Similarly to the simplified model, for the realistic 

model an adjustment of the shear stress scale for all 
combinations of the load cases and the contact 
interaction was made, as can be seen in Figure 6. 

Although, the variation of the shear stress is 
considerable, it is not possible to infer a conclusion, 
since there is no direct relationship between the shear 
stress variation and the tibial slope, that is, there are 
irregularities along the range of the slopes.  

Generally, it is noticeable that the R
2
 values for 

bone-cement and implant-cement interfaces are low, 
there is not an evident trend representing a poor fit of 
the parabolic function to the data. In other words, the 
relationship between the shear stress and the tibial 
component slope did not show a strong parabolic trend. 
For the bone-cement interfaces, it was observed that 
the R

2
 value varies between 0.018 and 0.4969, while for 

the implant-cement interfaces it varies between 0.1713 
and 0.7263. These values are too low to conclude that 
there is a parabolic trend in the data.  

The magnitude of the shear stress for the tie 
contact combinations is also an order of magnitude 
higher when comparing the implant-cement to the bone-
cement interface. Nonetheless, for the frictional contact 
combinations both implant-cement and bone-cement 
interfaces are in the same order of magnitude. Thus, 
the results obtained for both implant-cement and 
implant-cement interfaces are somewhat inconsistent 
and unpredictable.  

The lack of congruence of the realistic model can 
be justified by taking into account the type of finite 
elements used, being that hexahedral FE meshes 
produce more accurate results than tetrahedral FE 
meshes. Besides the type of elements, the mesh 
refinement is also responsible for a higher level of 
accuracy of the results derived from the FE analysis. 
Furthermore, as was shown and explained in the 
anterior model, the geometrical modelling can influence 
the results. For the simplistic model we can see some 
variations in the results for the models with and without 
stem. Consequently, using a complex geometry, 
namely the tibia model and the TKA prosthesis 
geometry, can make the study results and the 
conclusions drawn difficult to understand, in what 
concerns the influence of the variation of the tibial slope 
in the sagittal plane in the stability of the knee joint. 

 

3.2  The simplistic and realistic 

models comparison   

This study was intended to evaluate the fixation 
of the cement by changing the tibial slope in the sagittal 
plane under the assumptions that the implant-cement 
interface was bonded or unbounded and with two 
different load cases applied. 

Considering the overall results of this study, it is 
possible to observe that some goals were successfully 
reached however some pitfalls also arose. 

There is no consensus for the shear stress result 
of the realistic model. The relationship between the 
means shear stress and the tibial slope in the sagittal 
plane is expected to follow a parabolic trend. However 
the R

2
 value, which is a measure of the reliability of the 

fit of the trend line to the data, does not allow us to 
conclude that there is a trend. The mean shear stress 
values fluctuate along the range of the slopes studied, 
rendering difficult the conclusion of the parabolic 
behaviour. Due to this, it was necessary to analyse the 
shear stress on the cement interfaces with a simpler 
unrealistic model. The results obtained for this model 
were much more congruent with our expectations 
towards the study, presenting a parabolic trend. When 

Figure 6: Shear Stress varying the slope in the sagittal 
plane for the different combinations tested: a) Bone-
Cement Interface; b) Implant-Cement interface. 

a) 

b) 
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comparing the simplified model with the realistic model 
is it perceptible that the R

2
 shows a clear parabolic 

trend for the first one. These results are congruent and 
consistent with what was expected. 

Regarding the realistic model, since the area 
where the loads are applied is the same for all models it 
is easy to understand that the shear stress values are 
dependent on the magnitude of the load. Additionally, 
the load will be transmitted differently according to the 
tibial slope, despite the fact that the magnitude of the 
applied load is always the same. The same reasoning 
can be applied to the simplified model. 

Moreover, several authors and manufactures of 
commercially available implant systems, recommend a 
slope of the tibial component of 0° (perpendicular to the 
mechanical axis) [7,9,29]. Since for the majority of the 
analyses performed, the value of shear stress for the 0° 
slope corresponds to a minimum value, we can assume 
that for this slope the tibial component does not detach 
from the tibia, thus agreeing with previous studies. 

It is notorious by the clinical practice that the 
slope in the sagittal plane in the range of 3° anterior to 
3° posterior yields good stability of the joint, and that for 
other values for the tibial slope there is a higher 
probability of jeopardizing the clinical outcome of the 
TKA. The obtained results for the simplistic model are in 
concordance with the medical opinion. 

Despite the fact that the results of the simplistic 
model are closer to the expected results, too many 
simplifications were performed, thus rendering the 
comparison with the realistic model unfair with a 
decreased interest for a real-life prosthesis analysis. 
For example, the bone was assumed to have 
parallelepiped geometry: same thing was assumed for 
the tibial components. 

Furthermore, a simplification regarding the load 
was performed. The magnitude of the loads was not 
taken as a realistic load, since the point where the load 
is applied is quite inaccurate for the simplistic model, 
when compared to the contact area of the human knee.  

A few assumptions that can compromise the 
results of the realistic model were made for the 
assembly of the tibia model with the TKA prosthesis 
components. The implications of these assumptions in 
the study results are variable; it was assumed that the 
tibia is isotropic, homogeneous and linearly elastic, 
although it actually is a viscoelastic and heterogeneous 
material with anisotropic properties. Moreover, the 
geometric modelling of the TKA was developed based 
on the commercially available designs and on the 
Technical Monograph of the prosthesis used in this 
study, in order to produce a geometric model as close 
as possible to the real design. In an attempt to bypass 
difficulties, in the mesh generation of the finite element 
mesh, introduced by geometry details, the geometry 
suffered some simplifications, namely in the tibial tray 

and the cement.  Furthermore, the magnitude of the 
applied load was not altered when varying the tibial 
slope in the sagittal plane.  

During surgery, the alignment of the tibial 
component in the sagittal plane is not uniform and might 
differ from patient to patient depending on their 
anatomy, activities and other considerations including 
implant design [3]. Several methods of measuring tibial 
slopes have been described in the literature, namely 
intramedullary, extramedullary, and computer-assisted 
techniques. However, the best operative technique for 
achieving appropriate postoperative alignment remains 
unclear [2].  

Notwithstanding, due to some assumptions and 
simplifications, performed on both simplistic and 
realistic models for this study, the adequate tibial slope 
in the sagittal plane was difficult to determine. 

4 Conclusions and Future Work 

Since alignment and positioning of the prosthetic 
components of the TKA influence its longevity, this 
study’s goal was to predict computationally in which 
way the tibial slope in the sagittal plane influences the 
fixation of the cement applied between the bone and 
the implant. For that, a shear stress analysis was 
performed in order to understand from which slope the 
clinical performance is affected. In this way, the creation 
of the geometric models, both the realistic model 
(composed by the tibia and the respective tibial 
components of the TKA prosthesis) and the simplistic 
model (an elementary model that was created to 
understand the influence of the tibial slope in the 
fixation of the cement), and subsequent usage of the 
FE analysis methods for these models were critical to 
reach some conclusions and achieve the goal of the 
study. 

From the literature review, comprising various 
sources, it was concluded that there are no reports or 
papers showing the influence of the slope of the tibial 
component in the sagittal plane on the shear stress. 
Furthermore, this study is difficult to compare with the 
literature that is based on clinical studies, since in these 
there usually is a comparison of different techniques for 
prosthesis alignment, instead of a study on the most 
adequate tibial slope in the sagittal plane, which is, from 
the empirical knowledge, a critical factor for a 
successful post-surgery. Moreover, the anatomy of the 
knee differs from patient to patient, rendering it difficult 
to provide the adequate tibial slopes in the sagittal 
plane. 

The results for the realistic model were 
inconclusive, as can be evaluated along the results and 
their correspondent discussion in the previous chapter. 
There is no consensus on the best tibial slope for the 
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realistic model as well as it was not possible to predict 
the slope from which the fixation of the tibial component 
can be affected. In what concerns the simplified model, 
it shows a better agreement with the medical empirical 
knowledge, since it shows a positive parabolic 
tendency. Despite the fact that these results are in 
concordance with what was expected, it is not possible 
to predict exactly when the fixation of the cement is 
threatened through the variation of the slope in the 
sagittal plane.  

This study comprises a few assumptions that can 
compromise its results, with various implications, which 
are the following:  

The results were obtained using two load cases, 
with one case corresponding to a physiological load 
(realistic load) extracted from a single subject with a 
specific prosthesis design. This is not enough for a 
proper comparison of the results, so a large number of 
loads should be considered for a better accuracy of the 
results. Besides, the loading condition used that was 
measured by instrumented prostheses was a 
simplification in terms of the total loads applied to the 
tibia, since forces associated to tendons, ligaments and 
other soft tissues between the femur and the tibia were 
not considered. 

 The applied physiological load case was based 
on the study developed by G. Bergmann et al. [23], 
where the load values were obtained for aligned tibial 
components. In our work the same load value was 
applied for all the models, independently of the slope of 
the tibial component. However, it is reported that in TKA 
the tibial component slope directly affects load 
transmission [30], thus offering a possible explanation 
of the inconclusive results of this study.  

The properties of the tibia and the TKA 
prosthesis components were considered as identical to 
the human knee with TKA prosthesis. The bone was 
modelled considering isotropic and homogeneous 
properties in order to simplify the FE analysis. 
Furthermore, the type of finite elements used, as well 
as the mesh refinement, affects the accuracy of the 
results. 

This study was performed taking into account 
only the static loading condition. This is a significant 
limitation, since that in real-life the knee joint provides 
mobility and supports the body’s weight during static 
and dynamic activities, and not only in static activities, 
rendering it more vulnerable and subsequently 
compromising the stability of the TKA. Future research 
works could be performed in order to examine the effect 
of the tibial slope in the sagittal plane under dynamic 
loading situations. 

In the future, if any experimental studies were 
performed in which load data would be detected for 
different slopes of the tibial component in the sagittal 
plane, it would be possible to apply for each slope in the 

sagittal plane the respective load. By applying distinct 
loads and performing the same study, i. e. to evaluate 
in which way the slope in the sagittal plane influences 
the fixation of the cement between the bone and 
implant, through shear stress distribution analyses of 
the bone-cement and implant-cement interfaces, we 
could more accurately detect the critical slope from 
which the tibial component detaches from the tibia. 

An alternative could be the usage of a co-
simulation modulation, i.e. the cooperation between a 
dynamic model of the lower limb with a finite element 
model. The objective would be to capture the loads 
applied on the joint by varying the geometry using the 
dynamic model. These loads could then be used in the 
FE modelling.  

This study could be further developed to improve 
the tibial FE model by making an analysed of the stress 
in the bone, in order to evaluate the influence of the 
tibial slope in the sagittal plane. Furthermore, it would 
be interesting to perform the same study, analysing the 
shear stress by varying the slope not only in the sagittal 
plane but also in the frontal plane. Finally, the 
displacement on the interface must also be evaluated, 
since the displacement is determinant for the stability of 
the implant, which consequently will influence the 
arthroplasty success. 
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